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A comprehensive series of drained triaxial compression tests were performed on crushed concrete aggregate (CCA) moist as compacted. When
compared to ordinary natural well-graded gravelly soils, the peak strength and stiffness increase more signiﬁcantly with dry density, while the
effect of the degree of saturation during compaction is much less signiﬁcant. In a range of conﬁning pressure of 30–600 kPa, the strength and
stiffness of well-compacted CCA is similar to, or, in some cases even higher than, typical selected high-class backﬁll materials (e.g., well-graded
gravelly soil of crushed quarry hard rock). The strength and stiffness of CCA with a maximum particle size Dmax¼37.5 mm obtained from a
typical concrete crushing plant are noticeably lower than CCA sieved to Dmax¼19 mm compacted using the same energy. However, when
compacted to the same dry density, the original CCA exhibits the strength and stiffness higher than the sieved CCA. Effects of the strength of
original concrete on the strength and stiffness of compacted CCA are insigniﬁcant, while the strength and stiffness of compacted CCA are,
respectively, noticeably higher than, or similar to, the original concrete aggregate (i.e., natural gravelly soil) compacted using the same energy.
All these results indicate that well-compacted CCA can be used as the backﬁll material for important civil engineering soil structures requiring a
high stability while allowing a limited amount of deformation.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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In Japan and many other countries, a great amount of crushed
concrete aggregate (CCA) is being and will be produced by
demolishing old and/or out-of-service concrete structures. The use
of CCA as the backﬁll of soil structures, such as embankments
and retaining walls, replacing costly selected natural backﬁll soil3 The Japanese Geotechnical Society. Production and hosting by
10.1016/j.sandf.2013.10.003
g author.
ss: tatsuoka@rs.noda.tus.ac.jp (F. Tatsuoka).
der responsibility of The Japanese Geotechnical Society.(i.e., well-graded gravelly soil) is highly required. This is because
(1) dumping of concrete scraps in remote places is usually
unacceptable due to a too high environmental impact; (2) in many
countries, although CCA has been used extensively in secondary
applications, such as the road base material, such a secondary use
as above will soon become insufﬁcient to deal with produced
CCA; and (3) an intolerable amount of energy is necessary to
crush and treat concrete scrap to produce recycled ﬁne and coarse
aggregates having essential no thin surface mortal layer so that
concrete having similar peak strength as the one achieved by
using original natural aggregates can be produced.
CCA consists of strong and stiff core gravel particles covered
with relatively weak and soft mortar surface layers (Fig. 1a). For
this reason, CCA is often considered to be an inferior backﬁll
material having strength and stiffness much lower than selectedElsevier B.V. All rights reserved.
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Fig. 1. Likely inter-particle contact conditions before and after good compaction of CCA.
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Fig. 2. Large triaxial apparatus for specimens of 30 cm-d and 60 cm-h
(Tatsuoka et al., 1999b).
F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852836natural backﬁll soils. When not well-compacted, the above could
be the case (e.g., Mizukami et al., 1998). On the other hand, Aqil
et al. (2005) and Tatsuoka et al. (2006) showed that, when well-
compacted aiming at a good contact among stiff and strong core
coarse aggregate particles (Fig. 1b), CCA can exhibit strength and
stiffness equivalent to, or even better than, high-class backﬁll
materials comprising well-graded strong and stiff particles. Recent
other studies (e.g., Jitsangiam et al., 2012; Grégoire et al., 2009,
2013) also showed similar results. These results indicate that well-
compacted CCA can be used as the backﬁll material for civil
engineering soil structures requiring a high stability while allowing
a limited amount of deformation, as the case reported by Hasegawa
and Shimakawa (2004).
Although several important ﬁndings were obtained by the
previous studies, the triaxial compression (TC) test conditions in
those studies were rather limited in terms of the ranges of
compaction energy (therefore specimen dry density); the conﬁn-
ing pressure; the maximum particle diameter, Dmax; and others.
That is, although the Dmax value of CCA provided by concrete
crushing plants is usually around 40 mm, most of the previous
TC tests used sieved materials having smaller Dmax values.
Besides, the compressive strength of original concrete and the TC
strength of compacted concrete aggregate used to produce the
original concrete were both unknown. In view of the above, more
systematically, the following four series of consolidated drained
(CD) TC tests were performed on CCA specimens:
series 1 to evaluate the effects of compaction energy and
water content during compaction;
series 2 to evaluate the behaviour in a wider range of
conﬁning pressure;
series 3 to evaluate the effects of Dmax ; and
series 4 to evaluate the effects of the compressive strength
of original concrete.
For the same compaction energy, the strength and stiffness of
CCA were compared with those of: (a) typical high-quality natural
backﬁll materials in series 1, 2 and 3; and (b) the aggregate used to
produce the original concrete in series 4. In each series, a number
of tests were performed changing by small increments theinﬂuencing factor to reliably capture the general trend of data that
may scatter. The specimens during drained triaxial tests were kept
moist as compacted. According to the test results showing that the
difference between the strength and deformation characteristics of
moist and saturated CCA specimens is very small (Aqil et al.,
2005), the results from this study can be applied to saturated
conditions. As the suction was not measured in the drained TC
tests, exact effective stress values are not known. The effective
stresses shown in this paper are those that were obtained ignoring
suction.
2. Triaxial test method
A fully automated triaxial apparatus for small specimens (10 cm
in diameter and 20 cm high) and another for large specimens
(30 cm-d and 60 cm-h) (Fig. 2) were used. The small and large
specimens were axially loaded by means of, respectively, a
F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852 837precision-gear system (Santucci de Magistris and Tatsuoka, 2003)
and a hydraulic jack. The conﬁning pressure, s′c, was applied by
partial vacuum when s′cr90 kPa and by cell pressure without
back pressure when s′c490 kPa. As shown in Fig. 2, the deviator
load was measured with an internal load cell. Axial strains free
from the bedding error at the specimen top and bottom were locally
and sensibly measured with a pair of local deformation transducer
(LDTs) (Goto et al., 1991). As the measuring capacity of LDTs is
about 2%, the axial strain was measured also externally with a
displacement transducer (LVDT) set outside the triaxial cell. As
shown later in this paper that, with the coarse granular materials
tested in the present study, externally measured axial strains were
consistently larger (by a factor of typically about 1.5 in the pre-
peak regime) than respective corresponding locally measured ones.
Therefore, the use of local strain gauge was imperative for reliable
evaluation of axial strains, particularly small axial strains. Despite
relatively large maximum particle sizes of the test materials, the
surface of the specimen was rather smooth because of high
uniformity coefﬁcients of the materials and high compaction levels,
therefore, the setting of the LDTs was not problematic. Lateral
strains were measured also locally with three clip gauges set at 5/6,
1/2 and 1/6 of the specimen height from the bottom. The
volumetric strains were obtained from locally measured axial
and lateral strains when both were measured. The changing rates
of specimen cross-sectional area after the end of local strain5 mm
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Fig. 3. Grading curves omeasurements were evaluated from externally measured axial
strain rates and volumetric strain rates obtained by substituting
externally measured axial strain rates into the Rowe's stress–
dilatancy relation empirically determined by locally measured axial
and lateral strains in the respective tests. More details of the test
method are given in Aqil et al. (2005) and Tatsuoka et al. (1999b).
The materials, specimens and TC loading conditions in the four
series are explained in the respective sections below.
3. Series 1 (effects of compaction conditions)
3.1. Test materials
CCA named REPA19 was obtained by removing particles
larger than 19 mm from the original CCA (REPA37.5 with
Dmax¼of 37.5 mm) provided from a concrete crushing plant
(Photo 1a). REPA stands for “recycled electronic pole aggregate”.
Photo 1b shows some particles of REPA37.5 after removing the
surface mortar layers with hydrochloric acid. The original coarse
aggregate is a mixture of angular crushed quarry hard rock and
sub-angular river bed gravel. The strength and stiffness of
compacted REPA19 were compared with those of a typical natural
well-graded quarry gravely soil (crushed sandstone) having nearly
the same grading curve (model Chiba gravel A, herein cited as
MCG-A). This gravelly soil is categorised as the highest-class5 mm
and (b) after removing mortar layers.
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Table 1
Some physical properties of the test materials.
Geomaterial name
(test series)
Particle
composition
Particle
shape
Gs Max. diameter,
Dmax (mm)
Mean
diameter, D50
(mm)
Coefﬁcient of
uniformity,
Uc
Fines
content,
FC (%)
TUS (series 4) A thin soft and weak layer
covering stiff and strong cores
Angular 2.65a 19.0 5.8 18.8 1.0
REPA37.5 (series 3) 2.654a 37.5 6.7 15.1 o0.8
REPA2 (series 3) 2.637 2.0 0.73 4.6 o0.8
REPA19 (series 1, 2 and 3) 2.65a 19 6.7 14.6 0.8
Model Chiba gravel A (series 1 and 2) Stiff and strong particles Angular 2.74a 40.8 6.4
Original aggregate for concrete (Kinugawa River
sand and Yamanashi gravel) (series 4)
Sub-
angular
2.63b 19 5.52 16.1 0.2
aSpeciﬁc gravity measured with particles of Dr10 mm.
bAverage value obtained for a sand/gravel ratio in weight¼0.46/0.54 from the values of (ρd)a and Q listed in Fig. 23.
Fig. 4. (ρd)max (4.5Ec) vs. water absorption ratios of REPA19, REPA37.5 and
MCG-A compared with typical CCAs used in Japan (reported by Sekine and
Ikeda, 2003).
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F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852838backﬁll material for civil engineering soil structures. The grading
properties and some physical properties of these materials and the
others used in the present study are presented in Fig. 3 and Table 1.
Tatsuoka et al. (2006) reported part of the results from this test
series.
Fig. 4 shows the relationship between the maximum dry
density, (ρd)max, from the compaction tests using modiﬁed
Proctor (4.5Ec) and the water absorption ratio, Q, evaluated by
the Japanese Industrial Standard A 1110-1999 of REPA19,
REPA37.5 and MCG-A. It may be seen that these two types of
CCA have average properties of those typically used in Japan.
3.2. Specimens
The effects of dry density, ρd, on the strength and stiffness
of CCA should be known for relevant ﬁeld compaction control
and stability/deformation analysis in design. Moreover, if the
stress–strain behaviour of CCA is very sensitive to the water
content, w, during compaction, it is very difﬁcult to use this
type of material in actual construction projects, because strict
control of water content in the ﬁeld is usually difﬁcult. In view
of the above, the effects of ρd and w on the strength and
deformation characteristics of REPA19 were evaluated andcompared with those of MCG-A compacted using the same
energy. Fig. 5 shows the compacted states of the specimens
(10 cm-d and 20 cm-h) manually tamped using a 4.5 kg
rammer in ﬁve even sub-layers in a cylindrical split mould
(10 cm in inner-diameter and 20 cm in inner height) at three
energy levels, Standard Proctor (1Ec), Modiﬁed Proctor
(4.5Ec) and 9Ec, at different water contents. Several other
REPA19 specimens for tests 04–09 and 13 were also prepared
by compacting to different dry densities (without specifying
the compaction energy) at w around wopt¼8.2%.
In Fig. 5, the relations obtained by compaction tests for 4.5Ec
using the standard compaction mould (15 cm in inner-diameter
and 12.5 cm in inner height) (JIS A1210 E-c) of the two materials
are also presented. The maximum dry density, (ρd)max, was
1.87 g/cm3 and an optimum water content, wop, was 8.2%
(REPA19); and (ρd)max¼2.31 g/cm3 and wopt¼6.1% (model
Chiba gravel A). For the same energy (4.5Ec), these compaction
curves are consistent with the compacted states of the TC
specimens. The compacted ρd values of CCA are usually much
lower than those of natural well-graded gravelly soils as typically
seen in Fig. 5. Due to this fact, it is often misunderstood that
CCA is inferior to natural well-graded gravelly soil. Relatively
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Fig. 6. Grading curves before and after compaction at the respective optimum water contents; (a) REPA19 and (b) MCG-A.
F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852 839low ρd values of REPA19 are due partly to a lower speciﬁc
gravity, Gs, by the inclusion of mortar (having a lower Gs), but
mainly to a higher void ratio (shown later in Fig. 13).
It may be seen from Fig. 6 that the particles of REPA19 were
crushed to some extent by compaction, slightly more than MCG-
A, due likely to highly crushable mortar.
The specimens taken out from the compaction mould were
self-standing by small matrix suction. Side drain of vertical ﬁlter
paper strips was arranged on the lateral surface of the specimen to
ensure essentially drained conditions during TC loading. A thin
gypsum layer was pasted on the top and bottom ends of the
specimen for a good contact with the rigid ﬂat surfaces of
stainless steel top cap and pedestal (without lubrication). It was
conﬁrmed by performing several other tests with lubricated top
and bottom ends that the effects of end restraint at the non-
lubricated ends on the measured strength and deformation
characteristics are insigniﬁcant (Tomita, 2006). All the specimens,
moist as compacted, were subjected to automatic isotropic
compression at a pressure rate of 0.5 kPa/min by using a
computer-aided feedback system, followed by drained TC load-
ing at an axial strain rate _εv¼0.03%/min. The conﬁning pressure,
s′c, was 30 kPa except for a limited number of tests at s
′
c¼50
kPa. As the original CCA is very old (several decades) and the
TC tests were performed within one day after compaction,
redevelopment of meaningful hydration of cement is unlikely.
3.3. Test results
Fig. 7 compares the stress-strain relations of the two materials
compacted at the three energy levels at water contents around the
respective optimum water contents. The external strains (Fig. 7a)
grossly over-estimate the locally measured ones (Fig. 7b). With
REPA19, the pre-peak stiffness, the dilatancy rate and the peak
strength increase signiﬁcantly with compaction energy. These
results indicate that, at least with REPA19 at s′c¼30 kPa, good
compaction largely alleviates potential negative effects of thin
mortar layers covering strong and stiff core coarse particles
(Fig. 1). On the other hand, with MCG-A, although the peak
strength consistently increases with compaction energy, the initialstiffness does not increase noticeably with an increase in the
compaction energy from 1Ec to 4.5Ec while it decreases
substantially with an increase from 4.5Ec to 9Ec (Fig. 7c).
Moreover, the dilatancy characteristics become weaker with an
increase in the compaction energy. These peculiar trends of
behaviour are analysed below.
In Fig. 8, the compressive strength, qmax, and the secant
Young's modulus, E50¼ (qmax/2)/(εv when q¼qmax/2), which
is often used as the average prepeak stiffness parameter in
engineering practice, are plotted against the water content, w,
during compaction. Compared with insigniﬁcant effects of “w
during compaction” on the values of qmax and E50 with
REPA19, both qmax and E50 consistently decrease with an
increase in “w during compaction” with MCG-A. Fig. 9 shows
the corresponding qmax – ρd and E50 – ρd relations. The
relations of REPA19 are rather independent of w, except for
the E50 values of two specimens compacted at the driest state
(w¼3.8%) that are noticeably lower than the average relation.
With MCG-A, on the other hand, the values of qmax and E50
tend to decrease with an increase in w at the same ρd.
In Fig. 10, qmax and E50 are plotted against the degree
of saturation, Sr, during compaction. It may be seen that the
effects of Sr up to more than 80% are insigniﬁcant with
REPA19, whereas negative effects of increasing Sr are
signiﬁcant with MCG-A. Tatsuoka (2011) reported noticeable
negative effects of increasing Sr during compaction on the
strength and stiffness of saturated specimens in CD TC tests
with a number of natural granular materials. It is likely that the
negative effects of increasing Sr with MCG-A seen in Fig. 10
can be attributed to the following two factors:1) Decrease in “the suction during TC”: Fig. 11a summarises
the relationships between the angle of internal friction to the
origin, ϕ0 ¼ arcsinfðs01s03Þ=ðs01þs03Þgpeak , from the CD
TC tests (s′c¼50 kPa) and the degree of compaction deﬁned
by the ratio of ρd to (ρd)max for 4.5Ec, (Dc)4.5Ec, of a wide
variety of granular materials compacted at the respective
optimum water contents (see Fig. 11b and c for the grading
and compaction curves). With the data points labelled PSC,
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F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852840the strengths are the drained plane strain compression tests
that have been converted to the TC strengths. With the data
points labelled (unsat), the specimens during shearing were
moist as compacted and the ϕ0 values were obtained byignoring suction, while the others are those for the fully
saturated specimens. It may be seen from Fig. 11a that, with
two types of natural well-graded gravelly soil, RGSZ and
CGR, the strength of moist specimens is noticeably higher
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F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852 841than saturated ones due likely to the effects of suction. This
result is consistent with the result of MCA-A presented in
Fig. 10. On the other hand, Aqil et al. (2005) reported that
the stress-strain behaviours of saturated and moist well-
compacted specimens of another type of CCA similar to
REPA19 are nearly the same in a wide range of “w during
compaction”.
The fact that the strength and stiffness of the specimens of
REPA19 moist as compacted is insensitive to a variation of
Sr up to over 80% (Fig. 10) is consistent with this report. It is
very likely therefore that the effect of saturation is insignif-
icant also with REPA19.2) Formation of more dispersed particle fabric during com-
paction: When compacted at a high Sr, the particle fabric
becomes more dispersed in that ﬁner particles tend to be
located in voids between coarse particles without adhering
to contact points among coarser particles, resulting in a
weaker interlocking of coarse particles. By this factor, even
when ρd increases by compaction at ﬁxed w, due to an
increase in Sr, the pre-peak stiffness may stop increasing ata certain ρd value then may start decreasing. With some
types of granular material, even the peak strength starts
decreasing with an increase in ρd from a certain value
(Tatsuoka, 2011). Santucci de Magistris and Tatsuoka
(2003) also reported similar negative effects of increasing
Sr on the undrained pre-peak stress-strain behaviour of
saturated silty soil. On the other hand, the qmax – ρd and E50
– ρd relations of moist REPA19 are rather independent of Sr
during compaction (Fig. 10).
The fact that these two factors are not important with
REPA19 is due likely to such a mechanism that, with
REPA19, the stability of contact points among coarse particles
is controlled by the compacted condition of surface mortar
layer at the contact points, as illustrated in Fig. 1b, much more
signiﬁcantly than the effects of suction and the manner how
ﬁner particles adhere to coarser particles.
Throughout this paper, the degree of compaction, Dc¼ρd/ρd.max,
is used as the common density index for different granular
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Fig. 11. (a) CD TC friction angles (s′c¼50 kPa) of a wide variety of granular materials; and (b) grading curves; and (c) compaction curves (4.5Ec) (modiﬁed from
Tatsuoka, 2011).
F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852842materials, while the relative density is not used. This is due to
the fact that the degree of compaction is routinely used in the
ﬁeld backﬁll compaction control. Besides, the minimum voidratio of sandy soil (JIS A 1224: 2009) or gravelly soil (JGS
0162-2009) is obtained by vibration-compaction of an oven-
dried sample, which is very different from the ﬁeld compaction
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Fig. 13. (a) qmax – e relations; and (b) E50 – e relations of REPA19 and MCG-A, s′c¼30 kPa.
F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852 843condition. For this reason, with the data of compacted granular
materials presented in Fig. 11a, the relationship between the
strength and the relative density scatters signiﬁcantly, due
largely to the trend that, with an increase in the ﬁnes content,
the maximum dry density from the minimum void ratio of
sandy soils becomes increasingly smaller than the value (at the
optimum water content) obtained by the ordinary laboratory
compaction test (Tatsuoka, 2011).
The test results shown above suggest that the strict control
of water content during compaction is less important with
CCA than with ordinary natural well-graded gravelly soils.
This feature is one of the advantages of the use of CCA as a
backﬁll material.
REPA19 exhibits much larger increasing rates, d(qmax)/d(ρd)
and d(E50)/d(ρd), than MCG-A (Fig. 9). Fig. 12 compares
the qmax – (Dc)4.5Ec and E50 – (Dc)4.5Ec relations. Compared
with MCG-A, both qmax and E50 of REPA19 increases with
an increase in Dc at much higher rates, although, at
(Dc)4.5Ec¼92–93%, the values of qmax and E50 of REPA19
are similar to those of MCG-A. In addition, compared with
MCG-A, both qmax and E50 of REPA19 are much moresensitive to changes in the compaction energy. These results
show that the beneﬁts of better compaction are particularly
large with CCA. Besides, the qmax value of REPA19 when
(Dc)4.5Ec¼90% is only about 30% of the value when
(Dc)4.5Ec¼100%. This result implies that, with CCA, the
minimum required (Dc)4.5Ec value¼90% in the ﬁeld compac-
tion control is too low, but a higher value, say 95%, may be
more relevant.
In Fig. 11a, the data of moist REPA19 and saturated MCG-
A are also plotted. The ϕ0 value of well-compacted moist
REPA19 is largest among these data. Aqil et al. (2005) showed
that, with another similar type of CCA, the drained deforma-
tion and strength characteristics when fully saturated and when
moist as compacted are nearly the same. Therefore, it is likely
that the strength of saturated well-compacted REPA19 is larger
than all the saturated granular materials in this plot.
On the other hand, when compacted at the same energy
level, the dry density, ρd, of REPA19 is noticeably lower than
MCG-A (Fig. 5). This feature is due mainly to higher
compacted void ratios as seen from Fig. 13. Relatively high
compressive strength of well compacted REPA19 despite
F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852844relatively high void ratios (Fig. 13) is due likely to such a
mechanism that relatively soft and weak mortar layers cover-
ing stiff and strong core particles make the compaction more
difﬁcult while it produces higher strength by making more
stable inter-particle contacts of coarse particles (Fig. 1b).
In summary, with CCA, high compaction is necessary to
obtain sufﬁciently high pre-peak stiffness and peak strength.
Well-compacted CCA exhibits higher strength and stiffness
than ordinary natural well-graded granular materials com-
pacted by the same energy.
4. Series 2 (effects of conﬁning pressure)
To ﬁnd whether the conclusions obtained from series 1
(s′c¼30–50 kPa) are also relevant at higher s′c values, another
series at s′c¼60–600 kPa was performed on the similar moist
specimens of the same materials as series 1. The specimens ofFig. 14. Stress-strain relations of REPA19 (4.5Ec and around wopt), s′c¼30–600 kP
ranges of local axial strain.REPA19 were prepared by compaction at energy levels of 1Ec,
4.5Ec and 9Ec and at water contents around wopt¼8.2%. The
specimens of MCG-A were prepared by compaction using
4.5Ec at w¼ around 4%, slightly lower than wot¼6.1%. At
w¼ around 4%, the strength and stiffness exhibit respective
maximum values (Fig. 8a and b), therefore, the strength and
stiffness of MCG-A are not under-estimated when compared
with those of REPA19. In the following, the results from series
1 for the same condition as series 2 other than the s′c values are
analysed together with those from series 2.
4.1. Test results
Figs. 14 and 15 show the stress–strain relations of the two
materials compacted at 4.5Ec. At s′c4100 kPa, the TC loading
was terminated at an intermediate stage and a full unload/reload
cycle was applied to disassemble the triaxial cell and then removea, series 2: (a) whole range of external axial strain; (b) and (c) large and small
Fig. 15. Stress-strain relations of MCG-A (4.5Ec and around w¼4.0%), s′c¼30–600 kPa, series 2: (a) whole range of external axial strain; (b) and (c) large and
small ranges of local axial strain.
Fig. 16. (a) qmax – s′c relations; and (b) ϕ0 – s
′
c relations of REPA19 and MCG-A compacted at different energy levels, series 2.
F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852 845three clip gauges for lateral strain measurements. Then, the
triaxial cell was re-assembled to restart the TC loading at the
original conﬁning pressure. During this process, to minimise thespecimen disturbance, the effective stress was kept sufﬁciently
high by applying negative pore pressure to the specimen. In
Fig. 14a and b, the full unload/reload curve in the test at
Fig. 17. (a) E0.01 and E50 – s′c relations (only for 4.5Ec); and (b) E50 – s
′
c relations of REPA19 and MCG-A, series 2.
Fig. 18. Compacted states of TC specimens of REPA2, 19 and 37.5 and compaction test results of REPA37.5 (n.b., the data points of REPA19 are the same as
those plotted in Fig. 5).
F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852846s′c¼130 kPa is not presented due to failure of strain measurement
during this process. Fig. 16 shows the qmax – s′c and ϕ0 – s
′
c
relations. In Fig. 17a, the secant modulus at an axial strain of
0.01%, E0.01, and E50 of the two materials compacted at 4.5Ec are
plotted against s′c. Fig. 17b compares the E50 values. It may be
seen from Figs. 16 and 17b that the effects of compaction on the
strength and stiffness of REPA19 are signiﬁcant not only at
s′c¼30 kPa but also at higher s′c values up to 600 kPa. In the
whole range of s′c, for the same compaction energy (4.5Ec), the
strength (qmax and ϕ0) of REPA19 is consistently higher than
MCG-A. It may also be seen from Fig. 17a that the values of
E0.01 and E50 of these two materials are similar.
These test results indicate that the conclusions from series 1
(s′c¼30–50 kPa) are also relevant at higher s′c values up to
600 kPa.5. Series 3 (effects of particle size)
The maximum particle diameter, Dmax, of CCA provided
from ordinary concrete crushing plants is typically around
40 mm. To examine whether the conclusions obtained forREPA19 (Dmax¼19 mm) from series 1 and 2 are also relevant
to such coarser CCA as above and, more generally, to evaluate
the effects of particle size, another series was performed on (1)
small specimens (10 cm-d and 20 cm-h) of REPA2 (Dmax¼2
mm), produced by removing particles of D42 mm from
REPA19; and (2) large specimens (30 cm-d and 60 cm-h,
Fig. 2) of an original CCA provided from a concrete crushing
plant, named REPA37.5 (Dmax¼37.5 mm). Their grading
curves are presented in Fig. 3. In the following, the test results
from series 3 are compared with those of REPA19 obtained
from series 1 and 2.5.1. Test method
Four large specimens (30 cm-d and 60 cm-h) of REPA37.5
were produced by compaction in 12 sub-layers at two energy levels
(4.5Ec and 9Ec) at different water contents and one specimen to a
higher dry density with unknown energy (Fig. 18). The specimens
of REPA2 were produced by compaction at 4.5Ec in the same way
as REPA19. The dry density compacted at 4.5Ec is larger in the
order of REPA19, REPA37.5 and REPA2. For the same
Fig. 19. Stress–strain relations at s′c¼30 kPa of: (a) REPA19 (ρd¼1.9 g/cm3 and 9Ec) and REPA37.5 (ρd¼1.7 g/cm3 and 9Ec) and REPA37.5 (ρd¼1.9 g/cm3), all
compacted at w around wopt; and (b) REPA2 compacted at different w values,.
Fig. 20. Stress–strain relations at different conﬁning pressures (4.5Ec around wopt), series 3: (a) REPA19 and 37.5; and (b) REPA2 compacted around wopt.
F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852 847compaction energy (4.5Ec), the dry densities of the TC specimens
of REPA37.5 were noticeably lower than those by the compaction
tests using a mould with an inner diameter of 15 cm and an innerheight of 12.5 cm (JIS A1210 E-c). The reasons for these trends
are not known. The axial strain rate in all the CD TC tests was
0.03%/min.
Fig. 21. (a) qmax – ρd relations; and (b) E50 – ρd relations of REPA2, 19 and 37.5, s′c¼30 kPa.
Fig. 22. (a) qmax – s′c relations; and (b) E50 – s
′
c relations of REPA2, 19 and 37.1, 4.5Ec around wopt.
Table 2
Mixing proportions of the original concrete.
Cement/
water
ratio, c/w
Dmax of
aggregate (mm)
Slump
(cm)
Air
content (%)
Sand-total
aggregate ratio, s/a (%)
Mass (kg/m3)
Tap water Cement Sand Gravel
1.5 19 8.0 2.0 48.3 196 294 864 961
1.8 46.1 353 803 975
2.1 44.5 412 753 976
2.4 43.3 470 712 969
F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–8528485.2. Test results
Figs. 19 and 20 compare the stress–strain behaviours when
s′c=30 kPa of the three types of CCA having different dry
densities. Figs. 21 and 22 compare the strength and stiffness at
s′c=30 kPa and in a wide range of s
′
c. The following trends may
be seen. Firstly, the effects of compaction on the strength and
stiffness are signiﬁcant also with REPA37.5 as with REPA19 in
series 1 and 2. Secondly, for the same energy (4.5Ec or 9Ec), the
strength and stiffness of REPA37.5 is noticeably lower thanREPA19 in a range of s′c=30–90 kPa. In particular, when
s′c=90 kPa, the pre-peak stiffness of REPA 37.5 is relatively
low and the dilatancy characteristics is relatively weak. This trend
is due likely to that the surface soft mortar layer becomes thicker
with an increase in the maximum coarse particle diameter. The
effects of particle shape may be insigniﬁcant as the particles are
similarly angular irrespective of particle size. These results
indicate that the strength and stiffness of original CCA with
DmaxE40 mm compacted using a certain energy level should be
inferred by reducing by a factor of around 2/3 the values of
Photo 2. Particles of the original aggregate (a) gravel and (b) sand.
Fig. 23. Strength as a function of c/w of original concrete. (ρd)a: the unit
weight under air-dried (inside-saturated and surface-dry) condition.
Fig. 24. Compaction characteristics (4.5Ec) of CCA (TUS and REPA19) and
gravels.
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level. For a similar ρd value, on the other hand, the strength and
stiffness when s′c=30 kPa of REPA37.5 is noticeably higher than
REPA19 (Fig. 19a and 21). This result indicates that, with suchoriginal CCA as above, the strength and stiffness as high as those
of its sieved CCA can be obtained by compaction using relevant
larger energy.
Thirdly, as seen from Fig. 19b, similar to MCG-A in series 1,
the negative effects of “w during compaction” on the pre-peak
stiffness of REPA2 becomes rather high when w becomes high
as 19.4%. Besides, as seen from Fig. 22a, although the strength
of REPA2 is only slightly smaller than REPA37.5 in a wide
range of s′c, the strength of REPA2 is noticeably smaller than
REPA19. The E50 value of REPA2 is also noticeably smaller
than REPA19 and this trend becomes stronger as s′c becomes
higher (Fig. 22b). Yet, it may be seen by comparing Fig. 22 and
16a that in a wide range of s′c, the strength of REPA2 is similar
to that of MCG-A. These results indicate that, if necessary, a
ﬁne fraction of CCA, such as REPA2, can be used as the
backﬁll material for civil engineering structures only if well
compacted with a caution that the stiffness may be
relatively low.
6. Series 4 (effects of original concrete strength)
If the strength of compacted CCA is strongly controlled by
the compressive strength of original concrete, of which the
variation could be very large, the variation in the strength of
CCA may become large. If it is the case, the quality control of
CCA as the backﬁll material of civil engineering soil structures
will become difﬁcult. In view of the above, this series was
performed to evaluate the effects of the strength of original
Fig. 26. Stress–strain relations (s′c¼30 kPa and 90 kPa) of four types of CCA-TUS and the original concrete aggregate (4.5Ec at wwopt), series 4: (a) whole range
and (b) zoom-up of part of the behaviour (s′c¼90 kPa).
Fig. 27. Effects of the strength of original concrete on: (a) strength and (b) stiffness of CCA-TUS (4.5Ec at wwopt) from CD TC tests (s′c¼50 kPa and 90 kPa).
F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852850concrete (before crushing) on the strength and stiffness of
compacted CCA. At the same time, the strength and stiffness
of compacted CCA were compared with those of the original
concrete aggregate (used to produce the original concrete)
compacted in the same way.
6.1. Materials
CCA specimens with Dmax¼19 mm (named CCA-TUS)
were prepared by crushing four types of concrete (Table 2)produced using the same aggregate comprising sub-angular
sand (Do5 mm) and gravel (D45 mm) (Photo 2) but by
different cement-mixing proportions to have different com-
pressive strengths. The unconﬁned compressive strength, qu, of
the original concrete increased with an increase in the cement/
water ratio in weight, c/w (Fig. 23). Several months after
production, the original concrete masses were crushed manu-
ally by using a hammer and four sets of CCA-TUS having
the same grading curve as REPA19 (Fig. 3) were prepared.
Some physical properties are summarised in Table 1. The
Fig. 28. (a) Strength and (b) stiffness of four types of CCA-TUS and original concrete aggregate (4.5Ec at wwopt) from CD TC tests.
Fig. 29. Eeq at 10th cycle of minute unload/reload of CCA-TUS and original
concrete aggregate (4Ec at w wopt), s′c¼30 kPa and 90 kPa.
F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852 851compaction characteristics for 4.5Ec of the four types of CCA-
TUS are similar to each other (Fig. 24), while their dry
densities are only slightly lower than REPA19. The (ρd)max
value for 4.5Ec of the original concrete aggregate is noticeably
lower than model Chiba gravel A, due likely to a more uniform
grading.
TC specimens (10 cm-d and 20 cm-h) were prepared by
compaction in ﬁve sub-layers at water contents around the
respective optimum water contents for 4.5Ec, 8.2% (CCA-
TUS) and 4.0% (the original concrete aggregate), in the same
way as the REPA19 specimens in series 1. The ﬁnes content
noticeably increased by compaction and the increase was
rather independent of the original concrete strength (Fig. 25).
CD TC tests at s′c¼30 kPa and 90 kPa were performed at an
axial strain rate of _ε0¼0.03%/min towards ultimate failure.
6.2. Test results
The following trends may be seen from the test results
(Figs. 26–28). Firstly, with an increase in qu from 32 MPa to
49 MPa associated with an increase in c/w from 1.5 to 2.1 ofthe original concrete, the peak strength, qmax, and the Young's
moduli, E0.01 and E50, of CCA-TUS slightly increase (Fig. 27),
while the ﬁnes content produced during CD TC at s′c¼90 kPa
slightly decreases (Fig. 25). These trends are consistent with
the fact that, with a decrease in the particle crushing during
shearing, the strength of granular material generally increases.
On the other hand, with an increase in qu from 49 MPa to
55 MPa associated with an increase in c/w from 2.1 to 2.4
of the original concrete, the values of qmax, E0.01 and E50 of
CCA-TUS slightly decreases, while the ﬁnes content produced
by TC loading slightly decreases (Fig. 25). The reason for this
complicated trend is not known. Despite the above, it is true
that the effects of the strength of the original concrete on the
strength and stiffness of these compacted CCA are generally
insigniﬁcant.
Secondly, the strength of CCA-TUS is signiﬁcantly higher
than the original concrete aggregate compacted in the same
way (Fig. 28a), while the stiffness (i.e., E0.01 and E50) of CCA-
TUS is higher than, or similar to, the original concrete
aggregate (Fig. 28b). These results are consistent with those
from series 1 and 2 in that the strength and stiffness of
compacted CCA are generally higher than natural well-graded
gravelly soils having similar grading characteristics compacted
in the same way.
In Fig. 29, the equivalent Young's modulus, Eeq, deﬁned for an
axial strain amplitude of about 0.01% at the tenth and last cycle of
minute unload/reload is plotted against the axial stress, s′v, at which
the Eeq value was measured. Only with CCA-TUS of c/w¼1.5,
the Eeq values at the 5th cycle are plotted, because the residual
strain started increasing around the 5th cycle, as seen from
Fig. 26b, due likely to the start of particularly large deterioration
of inter-particle interlocking, and the value at 10th cycle was
difﬁcult to deﬁne. According to Kongsukprasert and Tatsuoka
(2007), these Eeq values are close to the respective elastic modulus
values. The E0.01 values (Fig. 28b) are signiﬁcantly lower than
these Eeq values, therefore, signiﬁcantly lower than the elastic
modulus values. It may be seen from Fig. 29 that, with all the
materials, at a ﬁxed value of s′c, the Eeq value increases
approximately proportionally to (s′v)
0.5, until it starts decreasing
when approaching the peak stress state. This trend has also been
F. Tatsuoka et al. / Soils and Foundations 53 (2013) 835–852852observed with many unbound granular materials (Tatsuoka et al.,
1999a). The Eeq value of CCA-TUS is larger than, or similar to, the
value of the original concrete aggregate under otherwise the same
condition. This trend is consistent with the one of E0.01 and E50
(Fig. 28b).
7. Conclusions
The following conclusions can be derived from the test
results described above:1. In drained triaxial compression tests, well-compacted crushed
concrete aggregate (CCA) moist as compacted exhibits high
initial modulus, pre-peak stiffness and peak strength that are
similar to, or even higher than, those of high-class backﬁll
materials (i.e., natural well-graded gravelly soil consisting of
stiff and strong particles) compacted similarly.2. High strength and stiffness of well-compacted CCA are due
to not only a high coefﬁcient of uniformity and a relatively
angular particle shape, but also rather stable inter-particle
contacts resulting from relatively soft and weak mortar
layers covering stiff and strong core particles. On the other
hand, the compacted void ratio of CCA is relatively high
making the dry density rather low.3. The dependency of the strength and pre-peak stiffness on the
degree of compaction and the compaction energy is notice-
ably higher with CCA than with typical natural well-graded
gravelly soil. The allowable lower bound of the degree of
compaction based on Modiﬁed Proctor for CCA in the ﬁeld
compaction control should be higher than 90%, say 95%.4. The dependency of the strength and stiffness of CCA moist as
compacted on the degree of saturation during compaction and
shearing is much lower than natural well-graded gravelly soils.5. The strength and the stiffness of CCA with the maximum
particle size (Dmax)¼37.5 mm obtained from a typical
concrete crushing plant were noticeably lower than sieved
CCA with Dmax¼19 mm compacted by the same energy
level. However, when compacted to the same dry density,
the original CCA exhibited the strength and stiffness
noticeably higher than the sieved CCA.6. Effects of the strength of original concrete on the strength
and stiffness of compacted CCA were insigniﬁcant, while
the strength and stiffness of compacted CCA were, respec-
tively, noticeably higher than, and similar to, the one of the
original concrete aggregate compacted in the same way.
All these results indicate that well-compacted CCA can be
used as the backﬁll material for important civil engineering soilstructures requiring a high stability while allowing a limited
amount deformation.References
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